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A5STRACT CONCLUSIONS AND R ~ C O M M ~ ~ D A T ~ O ~ S  
This report describes a complete ser ies  o f  t 
achieved by the concentration-cl amp technique e The f 
were performed: 
a)  Dialysis-osmosis; membrane bounded by 0.5 M and 0 , l  M Na61 
solutions. 
Electromigration-electroosmosis w i t h  a concentration gradient. b )  
c)  Pressure permeation w i t h  a concentration gradient. 
d )  "Combined experiment", i n  which differences i n  concentration, 
pressure and electr ical  potential were applied simultaneously. 
The same specimen of AMF C-103 (American Machine and Foundry Co., 
Stamford, Connecticut) cation-exchange membrane was used throughout a1 7 
the experiments. A1 1 the phenomenological coefficients can be calculated 
from these data, except for  the membrane conductance. 
Additivity of s a l t  and water fluxes was also checked. Further 
studies under hydrostatic pressure confirmed previous observations of a 
decrease i n  hydraulic permeability as a r e su l t  of the pressure gradient 
applied across the membrane. This i s  probably caused by changes i n  the 
membrane structure.  Although the membrane tested i s  re1 t i  vely sturdy 
the resu l t s  c lear ly  indicate that  the transport coefficients a 
of the generalized forces themselves. The calculations of the coefficients 
will be presented i n  the next report ,  
E l  ectromi grat i  on-el ectroosmosi s experiments under un i  form concen- 
t ra t ion are  to  be performed i n  the future. 
be determi ned w i t h o u t  making ny assumptions on how t o  verage 8ver the 
existing concentration gradients; the theoret ic  1 evaluation i n  t e  
f r i c t ion  coefficients c e made more 
T t coefficients can 
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Chemical .activity of species k ,  mole cm-3 
Effective surface area o f  membrane, cm 2 
Concentration of s a l t  and water respectively, mole cmm3 
Change in  concentration of s a l t  i n  a half-cell w i t h  time, 
mole cmm3 
Total E.M.F. measured between AglAgC1 reversible electrodes 
Faraday’s constantp 9.6491 0 10 amp sec eq-’ 
vel t 
4 
Current density, amp cmm2 
Electric current, amp 
F l u x  of s a l t  and water, mole sec” cmm2 (positive from l e f t  t o  r igh t )  
Volume f lux,  R sec-l cm-2 
Molecular weight of s a l t  and water respectively, g mole-’ 
Moles o f  salt and water!, respectively 
Hydrostatic pressure, atm 
Gas constant, 8.314 watt sec deg-l mole-’ 
time, sec 
Temperature “ C  
Volumes cm 3 
3 Rate of solution loss of a half-cell cm sec”’ 
Denotes difference, r ight  minus 1 
Denotes difference final s t  t e  minus i n i t i a l  s t a t e  
Electrochemical potential cm4 atm moles’ 
Chemical potenti 
Osmotic pressurep atm 
P ensi ty ,  g cmm3 
V 
J, Electric potential vol t  
Superscripts 
I Single pkime denotes "property of the demineral i z i  ng column 
half-cell" 
II 
C 
c- P 
Double prime denotes'lproperty of the auto-buret side" 
Denotes "measured under a positive concentration difference" 
c; > c; 
Denotes llmeasured under a positive concentration d i  ffeo-ence 
and a negative hydrostatic pressure difference" 
Denotes llrneasured under a positive concentration difference, 
a negative pressure difference and a negative current density" 
c-P-i 
-i Denotes "due t o  negative current density alone'' 
-P Denotes ''due to  negative hydrostatic pressure difference alone", 
AP < 0 
-c-i Denotes "measured under a negative concentration difference 
and a negative current density" 
Subscripts 
Bu Buret 
co 1 Demineralizing column 
L Leak 
S Sal t  
w Water 
v i  
1. Introduction 
T h i s  is  the tenth quarterly report of a research program designed 
to  ( a )  construct one apparatus i n  which transport of s a l t ,  ions and water 
across membranes can be determined w.i t h  differences i n  concentration 
e l e c t r i c  potential and pressure as d r i v i n g  forces,  together w i t h  the 
measurement of  membrane and streaming potential ,  and ( b )  perform a variety 
of transport measurements i n  i t  t o  determine the range i n  which l inear  
relationships between fluxes and forces ex is t .  This will permit us t o  
study the performance of separators and membranes from a minimum number 
of basic characterization measurements. The experimental system has 
been descri bed i n  the f i rs  t annual report (November, 1968) e 
i n  this system have been reported i n  the f i f t h  (February, 1969), sixth 
(May, 1969) and seventh (August, 1969) quarterly reports and the extended 
eighth quarterly report (January, 1970) which serves as the second annual 
report. 
pressure, e l e c t r i c  current) which have not  been previously discussed. 
fu l l  description o f  the various transport measurements i s  outlined. 
11. 
Mi nor a1 t e r a t i  ons 
This report describes i n  detai l  the measuring systems (voltage, 
A 
Ex pe r i menta 1 
A complete and detai 1 ed description of the "concentration-cl amp" 
cell  and feedback system has been outlined i n  the previous quarterly 
reports (November, 1968; August,  1969) and especially i n  the e i g h t h  
quarterly report (January, 1970) together w i t h  the experimental procedure 
for  the determination of the s a l t  and water flows, For the sake of 
completeness, we report here the description of the constant-current and 
constant-pressure apparatus together w i t h  the vol tage-measuring system. 
I I a 1 e Constant-Current System 
The following scheme was used t o  provide a predetermined constant 
d a c e  e l ec t r i c  current which was then passed through the membrane in 
1. 
electromigration experiments. See Figure 1 for a diagram of the system. 
The power supply (Model KG 25-0.2, Kepco, Inc, I F l u s h i n g ,  New York) 
for the constant d. c. current could supply a maximum of 25 volts and 200 
ma. 
resolution was 0.05% of maximum o u t p u t .  For isolat ion,  the resistance 
between o u t p u t  and ground was 10 kilomegohm; this large resistance was 
necessary to  prevent significant current loops between the comparators and 
the power supply via ground and the cell  solution. 
I t  had a continuously adjustable, 10-turn voltage control; the 
The value of the current was accurately determined by measuring 
the voltage drop across a ten ohm res i s tor  which had a 20 ppm('C)-' 
temperature coefficient.  
voltage drop t o  bet ter  than 0.01%. 
was therefore determined by the accuracy of the value of the fixed 
resistance. The resistance was determined t o  - +0.04% by comparison w i t h  
a 10 ohm calibration resistance (type 1433, decade r e s i s to r ,  General Radio 
Co. , Concord Mass. ) , using an accurate 1605AH impedance comparator 
(General Radio Co. West Concord, Mass, ) .  A milliammeter (Simpson Electric 
Co., Chicago, I l l . )  and a s i l ve r  coulometer were connected i n  ser ies  w i t h  
the working electrodes. 
was agreement of 0.1% or bet ter  for  the value of the e l ec t r i c  current as 
calculated from the coulometer and from the voltage across the 10 ohm 
resi s tor.  
I I .  2. 
The potentiometer (Section 11-2) measured the 
The accuracy o f  the current measurement 
In the experiments described i n  Section 3111, there 
Vol tage Measurement System 
The streaming potential the membr ne potential and the voltage 
across the ten ohm res i s tor  (Section 11.1) were measured i n  the following 
manner (the schematic diagram is shown i n  Figure 2) .  
A storage battery was used as the power supply for  a potentiometer 
K 
Figure 1 : Constant-Current System. A ,  constant-wwent power supply; 
B ,  linepower; C ,  storage battery; D, standard cell ; E ,  potentiometer; 
F, null detector; G, membrane; H, Ag/AgCl working electrodes; 5 ,  
coulometer; j, milliammeter; K, membrane support; L,  toggle switch. 
3. 
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4. 
(Type K-5, beeds and Northrup, Philadelphia, Pa. ) .  The n u l l  
for the potentiometer was a microvoltmeter (Model 150B, Keithley Instru- 
ments 
resistance o f  10 ohms. 
from line power and ground. The accuracy o f  the meter was +3% of fu l l  
scale on a11 ranges; of  course the sens i t iv i ty  of the instrument is much 
greater when i t  i s  used as a null detector than when i t  is normally 
operated. The 100 mv recorder output o f  the microvolt meter 
lnc, C1  eve1 and, Ohio 441 39) which had a c i r cu i t  ground-to-chassis 
9 On battery operation i t  was completely isolated 
to a chart recorder (Cat. 93506, Beckman Instruments, Inc. 
Due to  the current loop between the recorder and the comparators through 
ground, the feedback system could not operate when the recorder was con- 
nected to  the null detector output. 
potential recording were kept t o  less  than the time interval necessary to  
cause 0.5% change i n  concentration (3 hours) on the low-concentration side. 
11.3. Pressure System 
Fullerton, Ca.). 
As a consequence, the periods o f  
The pressurizing system was designed t o  maintain constant pressures 
u p  to 5 atmospheres for  several days, This was accomplished i n  the follow- 
i ng manner ( F i  gure 3) @ 
A f ive - l i t e r  tank was connected to  a brass bellows valve (H-series, 
Cleveland, Ohio) which served as the i n l e t  t o  the pressure B-4H9 Faupro Co. 
system. The tank was connected t o  the ce l l  via a brass 1/4" tube (s i lver-  
soldered t o  a hole dr i l led  i n  the t a n k ) ,  and a short piece o f  hard p las t ic  
t u b i n g  connected to  the brass t u b i n g  by a "Swagelok" u n i o n .  The hard 
p las t ic  t u b i n g  was connected t o  a 5 m l  pipet which was connected t o  the 
cell  by a "Swagelok" O-ring connector. 
Bourdon tube pressure gauge ( I' Hei se Bourdon Tube Co, Newtown 
Conn.) which had an automatic thermal compensator, s lot ted link ( f o r  sudden 
release protection) 
Also connected to  the t 
ful l  scale deflection f 5 atsn and diviss'ons of 
h F 
A, high pressure nitrogen tank-; 
alve; D, five l i t e r  tank; E, Heise 
pressure gauge; F ,  f ive ml . pipet; G, membrane; H ,  membrane support ;  
i , reducing valve. 
6,  
0.005 atm. Hydrostatic pressure as only applied t o  the demineralizing 
side of the cel l  because the auto-buret could not withstand pressure, An 
accurate measurement of vol ume and s a l t  Concentration transport was only 
possible on the low-pressure side (auto-buret side).  The demineralizing 
side expanded w i t h  pressure; however the ion exchange column d i d  serve 
as an order-of-magnitude-check on the s a l t  transport. 
The system was pressurized w i t h  industrial grade nitrogen. 
ations i n  pressure due t o  temperature variations i n  the temperature of the 
NE (+O.O5"C) were about 0.002 atm which was less  than the smallest 
increment of pressure that  could be read on the Heise pressure gauge. 
I I I. Results and D i  scussion 
Fluctu- 
We have performed four types of experiments, the resu l t s  of which 
are discussed here. 
a combination of the d r i v i n g  forces, i .e. concentration gradient, e lectr ical  
potential gradient, or pressure gradient. In our eighth quarterly report 
(January, 1970) we described the transport measurement results in terms 
of s a l t  and volume fluxes. 
and water depend upon s a l t  concentration, volume is  n o t  a s t r i c t l y  
conserved quantity, Therefore, when discussing transport measurements 
we shall describe them here and i n  the future,  i n  terms of water f l u x ,  
Each experiment has been designed t o  study one or 
Because the partial  molar volumes of s a l t  
J,, ra ther  than volume flux, J y e  The derived equations will be o 
i n  the next report. 
111.1 Dialysis - Osmosis Experiment 
i c  and osmotic fluxes which resu l t  f rom a concentration 
difference of 0-5 - 0-1 
experimnt. 
NaC1 (AT = 98.17 atm) were measured i n  this 
The large Concentration difference was chosen because the 
03 cation-exchang ne ( A ~ r i c ~ n  Machine nd Foundry Co. 
Stamford, Conn.) has a low permeability to  sa l t .  
of surface area 7*88 cmZ9 three days we e required t o  transport approxi- 
mate 3 mmoles of s a l t ,  this amount being the minimum consistent w i t h  
Even when u s i n g  a membrane 
accurate analytical determination. The resu l t s  af a typical experiment 
are shown i n  Figure 4. T h i s  figure demonstrates the h i g h  degree of 
l inear i ty  of the d ia ly t ic  and osmotic fluxes w i t h  time. Using the least-  
square method, we obtained the following flux values: 
-1 -2 cm = (+ 130 5 1 )  x lo-' mole sec Jw 
J: = (- 1 . Z I  ~f: 0.01) x mole sec-l cm-' 
As can be clearly seen i n  Figure 4 ,  the standard deviation o f  the data 
po in t s  was quite small Several experiments u s i n g  identical conditions 
were performed consecutively over a period of six days and gave roughly 
identical resul ts .  
In  the f i r s t  two dialysis  experiments, the s a l t  f lux as calculated 
from the demi neral i zi ng-col umn data was 10% 1 ower than tha t  cal cul ate$ 
using buret data. 
demi neral i z i  ng col umn small ai  r bubbles formed whi ch interfered w i  t h  the 
elution process, These were eliminated by eluting w i t h  NaNo3 s o l u t i o n ,  
which had been deaerated. Thereafter, agreement between s a l t  fluxes was 
w i t h i n  1%. 
111.2. Electromigration - Electroosmosis Experiments 
I t  was discovered tha t  dur ing  the elution of the 
This ser ies  of experiments was performed using two d r i v i n g  forces, 
concentrati on difference and e l ec t r i  cal pQtenti a1 gradi ents (see F i  gures 
5 and 6 ) .  Furthermore i n  successive experiments the concentration gradient 
was b o t h  i n  the direction of positive e l e c t r i c  current and opposite to it .  
A current density of 2 ma CITI-~ 
electroosmotic water flux a t  l ea s t  twice t h  t of the osmotic water f l u x ;  
s chosen because this value gave an 
IO 20 30 40 50 60 7 0  
HOURS 
F i  gure 4 : D i  a1 ysi  s-.Osmos i s Experiment e 
Concentrations: C i  = 0.1 M NaC1; C i  = 0.5 M NaC1, 
F c-103; T = 25,oo 2 o.oioc 
From Figure: 
S a l t  f lux :  Js = -4,36 ~t: 0.04 urnole anm2 hr"' ,  
Water f l u x :  J, = + 467 f 4 ymole cm-* h 
9, 
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Figure 5: 
Concentrations: C4  = 0.5 M NaCl ; CJ = 0.1 M NaCl ; i = - 2 ma cm2; 
AMF C-103 membrane; T = 25,OO f. 0,OlOC 
Electromigration - Electroosmosis Experiment I .  
From f i  gure : 
S a l t  f l u x :  Js = - 66.2 f 0.5 pmol 
f l u x :  J, = - 1118 f. 6 pmole C~II”~ hr-’ 
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Figure 6: Electromigratien - Electroosmosis Experiment 11. 
Concentrations: C; = 0,l M NaCl ; C: = 0.5 M NaCl ; i = -2 ma 
AMF C-103 membrane; T = 25°C f O.0loC 
From figure: 
Sal t  flux: Js = -75.3 f 1,2  cm"2 hr-' 
Water flux: J, = -528 k . ymole cmd2 hr-' 
11 0 
the concentration difference across the membrane for  a1 1 electromigration 
experiments was 0,5 - 0.1 M NaC1, 
removes s a l t ,  and the uret side adds s a l t ,  and since electrsmigration is  
Since the column half-cell always 
the dominant factor i n  s a l t  transport, the current must always be made t o  
flow from the buret t o  the column side. Hence when the osmotic and 
e l ec t r i c  forces are t o  be i n  the same direction, the buret side must be 
more csncentrated;if the forces are opposed, the column side i s  the more 
concentrated. In the l a t t e r  case, this requirment introduces a problem: 
i n  the period preceding the passage of the current, the feedback system 
cannot maintain the steady s t a t e  because dialysis is  proceeding in the 
direction opposite t o  t ha t  which can be corrected by the feedback mechanism. 
Therefore, the i n i t i a l  concentrations were established and maintained 
manually by injecting deaerated water and concentrated s a l t  solutions i n t o  
the half-cells until the e l ec t r i c  current was turned on. After this time, 
the feedback system star ted t o  maintain steady-state conditions. 
For positive current ( l e f t  t o  r ight) , the following f l u x  values 
were calculated: 
2 Experiment I i = -2 ma/cm 
< 
Cathode/C; = 0.5 M NaCl // Ci = 0.1 M NaCl / Anode 
J;c-i = (-18.4 f 0 , l )  x lo-’ mole sec-l 
J-c-i - (-311 f 2 )  x lo-=’ mole sec -1 cm -2 
W 
2 1 = -2 ma/cm 
<- Experiment I I 
NaCl // C: = 0,5 M NaCl / Anode 
Jimi = (-147 f 0,6) x lo-’ mole sec-’ 
JE-’ = (-20,9 f 0.3) x lo-’ mole sec -1 -2 cm 
I I I 3, Pressure Permeati on Experiments 
The resu l t s  o f  the experiments, i n  which concent a t i m  and pressure 
12. 
difference were applied simultaneously, weye used t o  calculate the s a l t  and 
water fluxes (Js9 and J, respectively),  The stpeaming patenti 
measured simultaneously, Using the experimental conditions: Cg  = 0-5 - 0,l  M 
NaCl and PI' - P' = -1.5 atm, we found tha t  the water flux reached steady 
s t a t e  w i t h i n  a few minutes while the sa l t  f lux required about  .two days. 
Figure 7 demonstrates the l inear i ty  of the s a l t  and water transport w i t h  time 
dur ing  a pressure experiment which includes concentration control 
Cal cul ated val ues of the f l  uxes are the fol 1 owing : 
' 
Jc'p = (-0.442 k 0,008) x lo-' mole sec-' cm-' 
Jcpp = (+ 101 k 0,6) x lom9 mole sec 
S 
W 
-1 cm-2 
Comparing these values t o  those obtained i n  the absence of the 
pressure gradient (Section 111.1) we see that  both the s a l t  and the water 
flux decreased ( i n  absolute value) with application of pressure. 
decrease of the s a l t  f lux i s  no t  surprising, because the pressure opposes 
the dialysis  flow. 
flux a re  i n  the same direct ion,  however, and one should therefore expect 
The 
The hydraulic and osmotic d r i v i n g  forces for  the water 
higher water flux under pressure t h a n  in the absence of pressure. 
possible tha t  this r e su l t  i s  due to  membrane compaction, b u t  further 
experiments have t o  be done t o  confirm this working hypothesis, 
t h a t  by application of pressure the wate f l u x  decreased from the dialysis  
I t  i s  
I t  i s  seen 
value (Section I I I . ~ )  of 130 to  101 x mole sec -1 cm -2 
Measurement o f  the streamin potential was accsmpl ished us ing  
Ag/AgCl electrodes, 
NaC1, 
membrane under a pressure difference m i n u s  t h a t  measured without a pressure 
difference, The pressure difference was increased i n  steps of 0.1 atm 
The concentration difference was: CX - C; = 0.5 - 0.1 Pi 
Streaming potential was taken as the voltage difference across the 
ranging from 0,O atm. t o  -1,5 atm0 Figure 8 shows tha t  the streaming 
13. 
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Figure 7: Dialysis 
Concentrations: Ci = 0.1 M NaCl; C: = 0,5 Mi NaCl, 
P" - P '  = 1 - 5  atm; T = 25.00 2 O . O l 0 C ;  AMF C-103 membrane 
From figure: 
S a l t  flux: Js = - 1.59 k 0.03 pmol 
Water flux: J, = + 362 _+ 2 urnole cmP2 hr-l 
Osmosis w i t h  Pressure Gradient. 
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Figure 8: 
Concentrations : 
AMF C-103 membrane; T = 25.00 k 0.01OC 
Streaming Potential w i t h  a Concentration Gradient. 
C; = 0; 1 M NaCl ; C: = 0.5 M NaCl I 
Voltage without pressure difference: AEb = - 65,4 k 0.1 mv 
potential increased to  a maximum value of 1.3 tnv when AP = - 0,5 atm, 
and than decreased f a i r l y  l inear ly  w i t h  a slope of - 2,2 mv attn-! 
The voltages measured by this incremental pressure sequence were 
qu i  t e  reproduci ble ; however, when a1 1 pressure difference was removed 
the voltage due t o  concentration difference alone, AEC, reached i t s  
original value only w i t h i n  f 150 pv. These data indicate the existence 
o f  a non-linearity and of a hysteresis e f fec t  which requires fur ther  study, 
In order t o  create conditions of AP = AT, one can e i ther  impose 
pressure d fferences approximating the osmotic pressure difference due to  
the common y used Concentration difference (18.17 atm i n  the case of 
AC = 0.5 - 0.1 M NaC1) or one can adjust  the concentration difference so 
that  the osmotic pressure approximates a predetermined pressure difference e 
The former i s  by f a r  the preferred experimental technique; however, i n  this 
case the mechanical properties of the membrane support p r o h i b i t  appl i cation 
of pressure differences greater than 1,5 atm. 
l a t t e r  procedure for  the l a s t  group of volume t ransfer  measurements. These 
were performed w i t h  the concentration difference of: C: - C i  = O,Q8 - 0.1 M 
NaCl (AT = - 0.8922 atm), These experiments were only of a few hours 
duration, and the feedback system was not  used because the concentration 
changes were very small, 
T h u s ,  we have adopted the 
The following resul ts  were obtained: 
= (-1.48 k 0.03) x IO-" R sec-' cm-'; P I '  - P I  = 0,000 atm J v  
Jc-p= ("~1-41 k 0,03) x lo-'' R sec-' PI' - P '  = - 0,985 atm v 
Jcpp= (+2.80 f 0.06) x W. sec-' cm"; PI' - P '  = - 1,890 atm 
l o t i i  ng these volume f11 uxes gainst  pressure, one finds an almost 
v 
11 near re1 a t i  onship,  
In experiments employing pressure gsads'ents, neither s a l t  nor 
water f lux can be calculated using data recorded on the pressurized 
demi neral i zi ng ha1 f-cel 1 since the "Lexan" and the polyethylene t u b  ng 
housing of th i s  system expand. w i t h  plresslnre i n  an irreproducible, non- 
l inear  way. 
demineralizing half-cel l ,  i t  i s  s t i l l  possible t o  calculate the s a l t  f lux 
us ing  auto-buret data,  and to  check the i r  accuracy using the elution data 
o f  the demineralizing column, 
111.4. "Combined" Experimnt 
While i t  is  impossible t o  measure volume changes i n  the 
In this experiment the imposed forces were differences of con- 
centration, pressure and e lec t r i c  current, applied simul taneeusly. The 
conditions were Ct - Ci = 0,5 - 0.1 M NaC1, PI' - P '  = 1.5 atm and an 
e lec t r i c  current density of - 2 ma cm-' passed, such t h a t  the anode 
occurred on the h i g h  concentration (auto-buret) side of the membrane, 
The following flux values were calculated from the resul ts :  
Jc-i-p - - (- 20-5 5 0,2) x 
- (- 98,l 5 0.9) x lo-' mole sec 
mole sec-' cmm2 
-1 -2 cm 
S 
J;-i-p - 
These resu l t s  together with the former ones will serve t o  calculate 
the required conductance coeffi cients the s a l t  and water permeabi 1 i t i e s  
and the various transport numbers determined i n  our system, 
